Extra-pair paternity is the result of copulation between a female and a male other than 22 her social partner. In socially monogamous birds, old males are most likely to sire 23 extra-pair offspring. The male manipulation and female choice hypotheses predict that 24 age-specific male mating behaviour could explain this old-over-young male 25 advantage. These hypotheses have been difficult to test because copulations and the 26 individuals involved are hard to observe. Here, we studied the mating behaviour and 27 pairing contexts of captive house sparrows, Passer domesticus. Our set-up mimicked 28 the complex social environment experienced by wild house sparrows. We found that 29 middle-aged males, that would be considered old in natural populations, gained most 30 extra-pair paternity. However, both female solicitation behaviour and subsequent 31 extra-pair matings were unrelated to male age. Further, copulations were more likely 32 when solicited by females than those initiated by males (i.e. unsolicited copulations), 33 and unsolicited within-pair copulations were more common than unsolicited extra-34 pair copulations. To conclude, our results did not support either hypotheses regarding 35 age-specific male mating behaviour. Instead, female choice, independent of male age, 36 governed copulation success, especially in an extra-pair context and post-copulatory 37 mechanisms might determine why older males sire more extra-pair offspring. 38 39 Keywords: mating behaviour, male manipulation hypothesis, extra-pair paternity, 40 female choice, male age, passerines 41 42 16,17 . Alternatively, older males might outcompete younger males post-copulatory 58 through better sperm competition 18 . Here, we test whether older males are better at 59 achieving extra-pair copulations and paternity, and how female solicitation is 60 associated with extra-pair mating. 61 62
Introduction 43
One of the most robust findings in studies of avian extra-pair paternity is that older 44 males sire more extra-pair offspring than younger males (see meta-analyses in 1, 2 ) . 45
What gives older males the competitive edge over younger males is unclear 2 , but the 46 finding has been considered to provide evidence for the 'good genes' hypothesis 47 because older males have proven their viability 3 , and are considered to be of high 48 genetic quality (reviewed by 1, 4 ). Females might seek copulations from older males to 49 obtain genetic benefits for their offspring 5-7 , but see 8, 9 . However, there is opposing, 50 albeit inconclusive, empirical evidence for the idea that females gain genetic benefits 51 through extra-pair mating [10] [11] [12] . 52
Extra-pair behaviour involves at least three individuals: the social male, the social 53 female and one extra-pair male 13 . The proximate mechanisms responsible for the 54 positive association of male age with extra-pair paternity are unclear. It has been 55 suggested that older males might outcompete younger males for extra-pair mating 56 opportunities [13] [14] [15] or that females may simply prefer older males as extra-pair partners 57 suitable to test the predictions of the male manipulation 13, 14 and female choice 93 hypotheses 30 because, like most passerines, house sparrows are socially monogamous 94 but sexually promiscuous. This means that a male and a female stay together for one, 95 or more often multiple, breeding attempt(s) 31 , but copulations with an individual 96 other than the social mate are evident from paternity analyses 11 . Further, male age is 97
the most robust predictor of extra-pair paternity in house sparrows 1, 2 . 98
In our set-up, males and females were kept in communal groups to mimic the 99 gregarious colony structures found in wild house sparrow populations 31 . This 100 laboratory environment has the advantage that females can choose among multiple 101 males for within-and extra-pair mating and copulation behaviour can be measured. 102
We first studied (1) the association between extra-pair paternity and male age. We 103 then tested the following predictions from the (2) male manipulation, and (3) female 104 choice hypotheses, and also (4) whether realised extra-pair paternity is a good proxy 105 for copulation behaviour: 106 lower than a recent report on a wild house sparrow population, where 17.5% of all 118 young were extra-pair 11 . Across broods (N = 119), 25 broods contained at least one 119 extra-pair offspring (i.e. 21% of all broods). 120
We found that extra-pair paternity and male age showed a statistically significant and 121 non-linear relationship in our population: middle-aged males (i.e. 5 years old) sired 122 the highest proportion of extra-pair offspring ( Table 1 , Fig. 1 ), e.g. 15% of middle-123 aged males' offspring were extra-pair. 124 
Male manipulation hypothesis 134
We observed a total of 463 mating attempts, ranging from 0 to 28 per male, and could 135 confirm occurrence of copulation, solicitation as well as the identities of the male and 136 female in 425 of these 463 mating attempts (i.e. 8.3% compromised observations). 137 107 male mating attempts (23.4%) were directed towards an extra-pair female. Male 138 age did not predict the proportion of extra-pair mating attempts (estimated effect size 139 0.07 (CrI: -0.19 to 0.33, N = 73 males, Fig. 2a , full model output in supplementary 140
information Table S1a ). Further, we observed a total of 170 copulations, ranging from 141 0 to 13 per male. Of these, 27 copulations (19.3%) were with an extra-pair female. 142
Similar to mating attempts, male age did not affect the proportion of extra-pair 143 copulations (estimated effect size 0.03 (CrI: -0.51 to 0.57, N = 74 males, Fig. 2b , full 144 model output in supplementary information Table S1b ). Additionally, male age was 145 not associated with the total number of mating attempts or copulations 146 (supplementary information Table S2 ). Notably, 29 of 174 individuals (16.7%, nine 147 males and 20 females) were never observed to be sexually active (i.e. attempting to 148 mate or copulate). Three of these nine sexually inactive males and nine of the 20 149 sexually inactive females achieved genetic parentage, which means that they 150 copulated unnoticed and represent the subset of individuals that we did not observe. 
Female choice hypothesis 164
A within-pair mating attempt was about four-fold and an extra-pair mating attempt 165 about 17-fold more likely to lead to copulation when they were female-solicited 166 compared to mating attempts that were unsolicited (Table 2, we cannot exclude the possibility that the lack of correlation reflects missing 200
observations. There was no difference between the average age of males that were 201 observed performing an extra-pair copulation (mean age 4.5 years, N = 20 males) and 202 those that were not (mean age 4.6 years, N = 65 males, unpaired t-test t 36.54 = 0.17, P 203 = 0.87). In the wild, house sparrows live on average for 3.4 years, and up to a maximum of 13 215 years 31,33 . Our finding that middle-aged males, old birds in the wild 19,31 , produced 216 most extra-pair offspring mirrors the results in a wild house sparrow population, 217
where extra-pair paternity increased with age in males before showing a decline 19 . 218
The precise age of individuals is known in both studies, which allows extremely old 219 males to be identified and a quadratic age effect on extra-pair paternity to be detected. 220
Further, we did not find an association between extra-pair mating and male age or 221 female choice and male age. Our results imply that male age may not be an important 222 predictor of extra-pair mating behaviour, and our results thus do not support the male 223 manipulation hypothesis 13,14 nor the female choice hypothesis 16, 17 . better sperm competitors because of larger testes 34 . Alternatively, across iteroparous 231 taxa, individuals show a peak in offspring production before reproductive senescence 232 commences, due to better access to resources 35 or simply because older individuals 233 have more opportunities to encounter females 36 . As our study used a one-point-in-234 time sampling approach for all individuals, ensured an equal opportunity for males to 235 encounter females and ad libitum access to crucial resources such as nest sites, 236 nesting material and food, the statistically significant non-linear relationship between 237 extra-pair paternity and male age could be the result of post-copulatory mechanisms 238 that favoured fertilisation by older males. 239
240
Our study tested for a correlation of extra-pair mating with male age using, to our best 241 knowledge for the first time, a communal breeding set-up of birds of known ages. In 242 our four populations, older males did not attempt nor achieve more extra-pair 243 copulations than younger males. A possible limitation is that a competitive 244 component to an old male mating advantage would have been reduced per individual 245 with our set-up because we increased the number of old males (i.e. our populations 246 did not represent the typical age pyramid found in wild populations: many young and 247 few old individuals). Yet, we predicted an overall effect of male age on extra-pair 248 mating behaviour and reducing the number of males at old ages experimentally would 249 have reduced the chance of detecting a population effect. What might be the most 250 prominent feature of our captive breeding design is the spatial proximity between 251 territories, i.e. nest boxes. Spatial proximity eliminates costs of forays into 252 neighbouring territories 13 and creates opportunities for intrusion that could have 253 elevated the frequency of extra-pair copulations for all males. With close proximity 254 between territories, male pre-copulatory display will also reach multiple females 255 Proving that females are making an active mate choice is not straightforward 40 . In 262 captivity, choice chamber tests are often used but these do not necessarily reflect 263 female copulation behaviour (see 41 for a summary). In the wild, extra-pair offspring 264 are used as a proxy, e.g. 28 , but a bias towards older fathers does not necessarily mean 265 that females prefer to copulate with older males. We combined the best of both 266 approaches by allowing females to choose among multiple males of different ages and 267 studying copulation behaviour directly. We found that female solicitation was not 268 associated with male age (supplementary information Table S3 ). This contrasts with 269 an experimental study where the social mates of western bluebird, Sialia mexicana, 270 females were removed: subsequently, females were more likely to accept copulations 271 from intruding males older than their own, absent mate 29 . Differences are anticipated 272 even within species because females will vary in their impetus to copulate 273 promiscuously 42 . Whilst our study does not reveal which traits, if any, females prefer 274 in males 43 , it suggests that male age does not predict whether females solicit 275 copulations or not. 276
277
Mating attempts were statistically significantly most likely to succeed when females 278 solicited males. That female cooperation is important for copulations is not surprising 279 in species without intromittent organs 44 . Also, greater female cooperation towards 280
within-pair than to extra-pair mating has been shown before, e.g. 45 but see 24, 46 . Our 281 study takes these findings a step further by showing that the likeliness of a copulation 282 is most dependent on whether it was solicited by a female, not just her cooperation, 283 especially so for extra-pair copulations. We also observed that males, not females, 284 mostly initiated extra-pair mating attempts, which makes sense as the incentive for a 285 female to cheat is lower than for a male 7 , yet only 4.3% of these unsolicited extra-286 pair mating attempts led to copulation. Despite their markedly reduced success, the 287 probability of an unsolicited extra-pair mating succeeding in copulation was between 288 0.8-14% (see CrI in Fig. 3 ), which would be enough for selection to act upon, given for alleles that increase male promiscuity 43 . Intriguingly, whilst copulations initiated 298 by females were more successful than those initiated by males, the former were not 299 always successful: approximately 25% of solicitations did not result in a cloacal kiss. 300
There were multiple reasons for mating attempts failing, such as the clumsiness of the 301 couple, or disturbance by conspecifics, which corroborates observations on mating 302 behaviour in zebra finches 43 but we also witnessed males ignoring female 303 solicitation. A male's refusal to copulate might be explained by a physiological 304 constraint in house sparrows because males can become ejaculate-depleted within a 305 day 50 . It would be interesting to quantify and better understand the occurrence of 306 male resistance to female mating attempts in future studies. 307
308
Our study showed that extra-pair paternity is unlikely to predict extra-pair copulations 309 well, given that male initiated extra-pair mating attempts were mostly unsuccessful. correlation, rho = -0.05, P = 0.66). Birds were between one and ten years old but we 335 lacked males aged two, four and six to seven years ( Table S4 in 
Paternity analysis 347
Nest boxes were monitored daily. Five to seven days after females initiated 348 incubation, we collected all eggs for parentage analysis, and replaced eggs with fake 349 plaster eggs, resembling house sparrow eggs, to retain natural breeding sequences. 350
We used 12 microsatellite markers 54 (Ase18, Pdo1, Pdo3, Pdo5, Pdo6, Pdo9, Pdo10, 351
Pdo16, Pdo17, Pdo19, Pdo22, Pdo27) and the procedures described in 54 for 352 genotyping. Cervus version 3.0.7. 55 was used to establish genetic parentage. We first 353 assigned putative mothers from behavioural observations and then, in a second step, 354
we used the confirmed maternity and allowed for all males per aviary to be sires to 355 determine paternity. Of 405 embryos, 400 could be assigned to genetic sires with 95% 356 confidence. For the remaining five embryos, genetic paternity could not be 357 We also observed individual copulation behaviour. A male house sparrow displays by 381 approaching a female, lifting his wings slightly, hopping around her vigorously, and 382 vocalising continuously before attempting to mount her 58 . Male house sparrows can 383 also attempt copulation during communal chases of a single female but these chases, 384
while vigorous, rarely result in successful copulations 59 . When females initiate 385 copulation, they adopt a crouching position with their wings quivering and their 386 posterior end held upright (see the video file in the supplementary information). This 387 female behaviour is referred to as solicitation and is distinct from a female's passive 388 cooperation in a male initiated copulation (i.e. raising her tail and leaning forward to 389 accept a male mating attempt) 31, 58 . We refer to a male initiated copulation as an 390 unsolicited copulation in this manuscript. We recorded both a male display and a 391 female solicit, together with the identities of the individuals involved. Subsequently, 392 we recorded whether solicited or unsolicited mating attempts were successful, i.e. 393 resulted in copulation, where a male mounted a female and both individuals bent their 394 tails for a cloacal kiss 60 . In house sparrows, mating behaviour involves copulation 395 bouts comprised of repeated rapid mountings that do or do not include cloacal contact 396 31 . The adaptive significance of copulation bouts is not well understood but their 397 occurrence outside the breeding season 59 highlights that, apart from fertilisation, 398 repeated mounting might be important for pair formation 59 . We used the number of 399 copulation bouts comprising at least one copulation rather than the number of 400 
Statistical analyses 409
We used generalised linear models (GLM) and generalised linear mixed effects 410 models (GLMMs,) with a binomial error distribution and a logit-link function to test 411 the questions outlined below. In all models, male age was added as continuous mean 412 centred and scaled explanatory variable, so that the variable male age was measured 413 as the number of standard deviations (sd) from the mean. Aviary identity was 414 included as a fixed effect in all analyses because with only four levels it could not be 415 offspring/offspring) and to adjust for the effect that males that achieve higher 424 paternity inevitably have higher detection rates of extra-pair paternity 62 . As the 425 relationship between extra-pair paternity and male age was expected to be non-linear 426 19 , we added a quadratic age term as an explanatory variable to the model. We 427 excluded 11 males that were unpaired and thus could be considered floaters 63 . 428
However, qualitatively, the results remained similar to when floaters were included 429 (supplementary information Table S5 ). The total sample size, excluding floaters, was 430 75 males. cbind(number of extra-pair mating attempts, number of within-pair mating attempts)). 438
We excluded two outliers that caused overdispersion 64 but first established that this 439 decision did not mediate our analysis by re-running the analysis including the two 440 outliers and confirming that the results were qualitatively similar. The second 441 response variable was the proportion of a male's extra-pair to within-pair copulations 442 (i.e. cbind(number of extra-pair copulations, number of within-pair copulations)). For 443 both analyses, we again excluded 11 male floaters 63 but the results remained similar 444 when floaters were included (supplementary information Table S6 ). Also, four males 445 were paired to two females simultaneously, they were socially polygynous. For the 446 latter males, we summed the mating attempts and copulations for both their pair-447 bonds and only considered mating attempts and copulations outside their two pair-448 bonds as extra-pair. The total sample size, without floaters, was 75 males for the 449 mating attempts GLM and 74 males for the copulation GLM. 450
c) Female choice hypothesis 452
To assess how female choice affects the likelihood of copulation, we fitted the 453 probability of whether a mating attempt led to copulation ('yes' or 'no') as a response 454 variable in a GLMM. Female solicitation ('solicited', 'not solicited') and pairing 455 context ('within'-or 'extra-pair') were categorical explanatory variables as well as the 456 interaction between both. Male age was added as an explanatory variable, including a 457 quadratic age term. Having both female solicitation and male age as predictors in the 458 same model was justified because there was no association between male age and 459 female solicitation behaviour (supplementary information Table S3 ), which implies 460 that the effects can be interpreted independently from each other and the analyses did 461 not suffer from collinearity. We excluded five floaters present in this dataset, but the 462 analysis including male floaters yielded similar results (supplementary information 463 Table S7 ). Again, only mating attempts and copulations outside both pair-bonds for 464 socially polygynous males were considered to be extra-pair. The total sample size was 465 381 copulations attempts involving 71 males, excluding floaters. As repeated 466 measures were obtained across males and females, male and female IDs were added 467 as a random intercept. represent the uncertainty of our estimates but we also used them for statistical 480 significance testing because CrI not overlapping zero can be interpreted as a 481
Frequentist p-value < 0.05 64 . For all models, we followed the recommendation in 64,67 482 to ensure that model assumptions and fit were met, including checking for 483 overdispersion and multi-collinearity. 484
Data Availability 485
All datasets are available at the Open Science Framework 486 (http://dx.doi.org/10.17605/OSF.IO/FYURG). 487 488 Table 1 . We aimed at similar sample sizes per age and sex in our four house sparrow 734 populations: young breeders (one to three years old), middle-aged breeders (five-year-735 old) and old breeders (eight to ten years old). 
